ABSTRACT The emergence of pandemic GII.4 norovirus (NoV) strains has been proposed to occur due to changes in receptor usage and thereby to lead to immune evasion. To address this hypothesis, we measured the ability of human sera collected between 1979 and 2010 to block glycan binding of four pandemic GII.4 noroviruses isolated in the last 4 decades. In total, 268 sera were investigated for 50% blocking titer (BT 50 ) values of virus-like particles (VLPs) against pig gastric mucin (PGM) using 4 VLPs that represent different GII.4 norovirus variants identified between 1987 and 2012. Pre-and postpandemic sera (sera collected before and after isolation of the reference NoV strain) efficiently prevented binding of VLP strains MD145 (1987), Grimsby (1995), and Houston (2002), but not the Sydney (2012) strain, to PGM. No statistically significant difference in virus-blocking titers was observed between pre-and postpandemic sera. Moreover, paired sera showed that blocking titers of Ն160 were maintained over a 6-year period against MD145, Grimsby, and Houston VLPs. Significantly higher serum blocking titers (geometric mean titer [GMT], 1,704) were found among IgA-deficient individuals than among healthy blood donors (GMT, 90.9) (P Ͻ 0.0001). The observation that prepandemic sera possess robust blocking capacity for viruses identified decades later suggests a common attachment factor, at least until 2002. Our results indicate that serum IgG possesses antibody-blocking capacity and that blocking titers can be maintained for at least 6 years against 3 decades of pandemic GII.4 NoV.
were maintained in several cases for up to 6 years. Additionally, the present study shows not only that IgA-deficient secretor sera block binding of VLPs to PGM, but also that geometric mean blocking titers (GMTs) are significantly higher among IgAdeficient individuals than in healthy non-IgA-deficient individuals. 4 NoV strains generated using the neighbor-joining method, shows that VLPs of GII. 4 NoVs used in this study belong to different lineages. The numbers under the branches represent bootstrap values from 1,000 replicates.
RESULTS

Secretor
positive individuals drive norovirus evolution and receptor escape. To address this question, we took advantage of 95 secretor-, ABH-, and Lewis-characterized sera from 1998 (26, 27) and investigated whether these sera could block binding to GII. 4 NoVs isolated over 3 decades before and after collection of the sera. As shown in Fig. 2 , the geometric mean 50% blocking titer (BT 50 ) values for MD145 (1987) , Grimsby (1995) , and Houston (2002) VLPs among secretor-positive individuals (n ϭ 76) were 59.2 (range, 48.1 to 72.9), 95.1 (75.7 to 119.6), and 90.9 (72.3 to 114.2), respectively. Twenty-one percent (16/76), 43 .5% (33/76), and 47.5% (36/76) of these secretor-positive individuals had blocking titers of Ն160 against MD145, Grimsby, and Houston VLPs, respectively. Multiple-comparison tests showed statistically significant differences in blocking titers between MD145 and Grimsby (P Ͻ 0.01) and MD145 and Houston (P Ͻ 0.05), while no significant blocking differences were observed between Grimsby and Houston VLPs (Fig. 2) .
It is well established that secretor-negative individuals with a nonsense mutation in the FUT2 gene are almost completely resistant to infection with GII.4 viruses (9-14), but they possess serum IgG antibodies that bind to Houston GII.4 virus (26) . However, none of the 19 nonsecretor sera with demonstrated NoV-specific IgG responses (GMT, 995.8 [range, 628.7 to 1577]) (26) had any blocking capacity (defined as a BT 50 of Ն40) against MD145, Grimsby, or even the homolog Houston VLPs (serum IgG antibodies were measured for Houston VLPs) at the lowest serum dilution tested (1:40) (data not shown).
Blocking titers remain unchanged against GII.4 NoV isolates from 3 decades for at least 6 years. Early experimental challenge studies suggested that the duration of immunity elicited by NoV infection maybe short (15, 16) , while a mathematicalmodeling-based study reported that immunity to NoV gastroenteritis lasted between 4.1 and 8.7 years (28). Thus, it remains unclear how long protection lasts. To address this, we investigated the blocking titers against 3 decades of GII.4 viruses using 3 consecutive sera from each of 33 healthy individuals. Sera collected every 3 years over a 6-year period had geometric mean BT 50 s of 44 (Fig. 3C) . Thus, no significant differences in blocking titers against any VLPs were observed among the sera collected at 3 different time points. Furthermore, 12.1% (4/33), 27.3% (9/33), and 42.4% (14/33) of these individuals had BT 50 values of Ն160 against MD145, Grimsby, and Houston VLPs, respectively, for all 3 serum samples collected over 6 years.
We also investigated paired serum samples from 12 children collected 5 to 6 years apart (Table 1) . Seven and 5 out of the 12 children from whom paired sera were collected over a 5-year period maintained BT 50 s of Ն160 for Houston and MD145 VLPs, respectively.
Prepandemic sera contain blocking antibodies against pandemic GII.4 NoV. Considering the hypothesis that NoV evolution is driven partly by immune factors, there is a possibility that prepandemic sera would not contain blocking antibodies to NoVs that emerged decades later. To address this question, we took advantage of access to sera collected from 10 type 1 diabetic children during 1979. These sera were investigated for blocking titers to VLPs produced from NoVs isolated 8 to 23 years after serum collection. As shown in Fig. 4 , the geometric mean BT 50 s for MD145 and Houston VLPs were 60.6 (range, 29.8 to 123.2) and 121.3 (50.3 to 292.6), respectively. Twenty percent (2/10) showed blocking titers of Ն160 to MD145, while 4/10 children had blocking titers of Ն160 for Houston VLPs. No significant differences in blocking efficiency were observed between MD145 and Houston VLPs (P Ͼ 0.05).
IgA-deficient individuals have high antibody-blocking titers against GII.4 NoV. IgA deficiency (IgAD) is the most common primary immune deficiency, with an estimated frequency of 1/600 in the Caucasian population, but it may vary from 1/155 to 1/18,550, depending on ethnicity (29) . The phenotypic feature of IgAD is a failure of B lymphocyte differentiation into plasma cells that produce IgA. The median IgG level among the IgA-deficient individuals investigated in the study was 13.9 mg/ml, and the mean IgA level was Ͻ0.06 mg/ml. Although the deficiency is common, there is limited information about how these individuals respond to NoV infection and whether they develop serum blocking IgG antibodies following a natural infection. To address this question, we investigated sera from 40 previously confirmed secretor and nonsecretor IgA-deficient individuals (30) . All six IgA-deficient nonsecretor individuals lacked blocking antibodies (BT 50 Ͻ 40) (data not shown). However, the geometric mean blocking titers among the 34 IgA-deficient secretors were 1,704 (range, 1,061 to 2,735) compared to 91 (72 to 114) among the 76 secretor-positive healthy blood donors (Fig. 5 ). Both the IgA-deficient and healthy blood donors were adults, with mean ages of 52.3 and 39.5 years, respectively. A statistically highly significant difference in blocking titers between secretor-positive IgA-deficient sera and healthy blood donors was observed (P Ͻ 0.0001) (Fig. 5 ). Of the secretor-positive IgA-deficient individuals, 94.1% (32/34) had BT 50 s of Ն320, while the corresponding percentage for healthy secretors was 12.2% (9/74). Furthermore, the geometric mean anti-NoV IgG titers were significantly higher among IgA-deficient individuals (P Ͻ 0.0001) than among healthy blood donors: 15,067 (12,252 to 18,530) versus 3,017 (2,642 to 3,233) (data not shown).
Lack of robust blocking by sera against Sydney VLPs. We further investigated whether sera collected from IgA-competent and IgA-deficient individuals could block binding of Sydney VLPs, the most recent pandemic NoV strain. None of the six nonsecretor sera (IgA competent and IgA deficient; 3 each) had any blocking effect on binding of Sydney VLPs to PGM (Table 2) VLPs (P Ͻ 0.01). The ratios of the GMTs for the other 3 VLPs in comparison to that for Sydney VLPs was also 4.3 times higher for MD145, 7.1 times for Houston, and 8 times for Grimsby VLPs (Table 2) . It was also observed that BT 50 s against Sydney and Houston VLPs among the 42 serum samples investigated showed a positive correlation (P Ͻ 0.0001).
DISCUSSION
In this study, using a surrogate neutralizing blocking assay including pandemic GII.4 NoV strains that emerged over 3 decades, we found that sera collected decades before detection of any of the investigated NoV strains could block binding of pandemic NoV VLPs to PGM. Sera from children collected as early as 1979 were able to block binding to both MD145 (1987) While the HBGA binding site is highly conserved, antigenic sites are slightly less conserved areas surrounding the HBGA binding site that may undergo drift (6) . Even though the Houston strain was circulating in 2002 and MD145 in 1987, they share 4 out of 6 amino acid residues in antigenic site A (Table 3) , the domain suggested to be the target of blocking antibodies (5). The only difference in this region is in residues 294 and 296, where semi-and highly conserved amino acid substitutions have occurred ( Table 3 ). The similarity between epitope A of MD145 and Houston strains might be one of the reasons why sera from 1979 are able to block binding of both VLPs (Fig. 4) . Moreover, there are no amino acid differences between the two strains in site E (Table  3) . Short-lived NoV immunity following experimental challenge (15, 16) , together with an epochal GII.4 evolution pattern, indicates NoV immunity is more complex (17) (18) (19) . How long immunity against symptomatic norovirus infection lasts is a question under debate. This could be best answered by following a cohort study for a much longer time; however, such studies require significant infrastructure and are currently lacking. A previous study conducted in the mid-1970s showed that immunity to Norwalk virus, defined as resistance to illness on repeat challenge, lasted 2 months to 2 years (16). However, there have also been contradicting reports. We observed that 12 to 44% of individuals maintained putatively protective (associated with lower risk of illness and infection) blocking titers of Ն160 (20, 23) against the 3 different VLPs investigated in this study at all 3 time points during the 6 years of serum collection. Similarly, nearly 50% of the children also showed serum BT 50 values of Ն160 (7/12 for Houston and 5/12 for MD145) for the serum pairs collected over a 6-year period. This finding suggests the presence of a relatively long serologic memory of blocking antibodies against pandemic NoV strains over 3 decades. However, one cannot rule out the possibility that these individuals were reinfected (symptomatically or asymptomatically) during this period, thus restimulating the immune memory. Our observations not only confirm that NoV antibody IgG titers remain high among adults (33) , but also show, for the first time, that blocking-antibody titers remain for at least 6 years, with or without restimulation. This observation is in accordance with the results of a study using a mathematical model of community NoV transmission in which it was estimated that the duration of immunity to NoV gastroenteritis was between 4.1 and 8.7 years (28).
Another important point of interest pertaining to norovirus disease is the percent susceptibility to GII.4 NoV in a population at any given time, as both host genetic factors and immune status play pivotal roles in determining susceptibility within a population (4, 8) . It is well known that nonsecretors are highly resistant to GII.4 infection and hence are protected due to the nonfunctional FUT2 gene. Within secretors, serum HBGA-reactive antibodies; serum hemagglutination inhibition antibodies; serum, salivary, or fecal IgA; and virus-specific memory IgG cells have been considered to play a protective role (4). Among these, HBGA-reactive antibodies have been widely recognized to play a protective role. A challenge study among secretors showed that individuals with prechallenge serum BT 50 s of Ն200 against GI.1 VLPs were protected against viral gastroenteritis (20) . Similar findings were also observed in another challenge study with GI.1 NV, where individuals with NoV diarrhea postchallenge were found to have significantly lower blocking titers than individuals who did not have gastroenteritis (21) . In a study among individuals suffering from NoV-associated traveler's diarrhea, it was reported that none of the NoV-infected and -positive individuals had blocking titers of Ն200 in sera collected during the acute phase (23) .
Building upon this background, and particularly upon the information regarding protective blocking titers, and based on host factors and immune status, we estimated what percentage of adults in a population at any given time would be susceptible to GII.4 infections. We did not include samples from diabetic children in calculating susceptibility, as type 1 diabetic individuals might have special HLA types and an immune system that may not be representative of a healthy population. Considering a BT 50 of Ն160 to be protective (20, 25) , we determined susceptibility rates of 57.5%, 36%, and 28.2% for MD145, Grimsby, and Houston GII.4 viruses, respectively, among healthy blood donors and tick-borne encephalitis (TBE) vaccine recipients rwho eceived the 3rd vaccine dose (which would include 20% nonsecretors, who would be resistant to GII.4 infections and innately protected). This estimate is in agreement with a review of previous Norwalk virus volunteer challenge studies involving secretor-positive individuals, which showed that 33 to 77% of the individuals responded with acute gastroenteritis upon NoV challenge (28) . Similar susceptibility rates were also observed in a Swedish outbreak, where 37.5% (288/767) of individuals who visited the canteen at a company unit comprising 2,000 employees fell ill with NoV-related symptoms (34) . Assuming that 20% of these 767 individuals were nonsecretors, the susceptibility rate among the secretors would be 46.9%. Our panel of sera showed low blocking titers against the most recently emerged pandemic GII.4 strain (Sydney 2012). The PGM used in this study is a porcine gastric mucin type III, a partially purified powder containing HBGAs (i.e., histo-blood group type A, H-type 3, H-type 1, and Lewis b antigens) and about 1% sialic acids (35) . To evaluate the potential blocking effect, the Sydney VLPs were screened against a panel of sera from IgA-competent and IgA-deficient individuals representing low and high BT 50 s against other VLPs. Interestingly, no sera from IgA-competent individuals had BT 50 s of Ͼ80, while only 6 of 14 IgA-deficient sera had BT 50 s of Ն160. One possible explanation for the most modest blocking titers against the Sydney NoV strain could be that the strain is structurally very different from the earlier pandemic GII.4 NoVs (7). Recently, a few studies have reported blocking of Sydney VLP binding to carbohydrates and saliva, but the HBGA ligands involved are not yet defined. Thus, a Norwalk GI.1 challenge study reported that sera from some individuals collected in 2008 were able to block binding of Sydney VLPs to HBGA (36) . It was further observed that the blocking effect did not last long, and BT 50 values against Sydney VLPs declined within 6 months after the Norwalk GI.I NoV challenge. Another study showed that convalescent-phase sera from the 2009 GII.4 NoV outbreak were able to block Sydney 2012 VLP binding to PGM (7) . However, in 7 out of the 8 sera screened, significantly higher serum concentrations were needed to block the Sydney 2012 GII.4 NoV VLPs than for the outbreak 2009 GII.4 NoV strain VLPs. Similarly, in our study, only 4 out of 22 secretor-positive healthy blood donors had detectable blocking antibodies (at 1/40 serum dilution) against Sydney VLPs, and 10/14 IgA-deficient individuals had a BT 50 value of Ն80. The detection of low blocking-antibody titers against Sydney 2012 GII.4 VLPs among IgA-competent individuals might also be due to differences in the study design, since in the present study, serum blocking efficiency against the 4 VLPs was investigated in healthy individuals and not in NoV-challenged or -infected individuals.
To investigate a rationale for the immune evasion by the Sydney 2012 GII.4 VLP strain, the sequences of the capsid proteins of the strains used in this study were compared. Simple amino acid alignment revealed that the VLPs most distant in time, the MD145 1978 and Sydney 2012 GII.4 VLPs, showed only 91.8% amino acid identity.
Most interesting from a biological point of view, and perhaps explaining the observed differences in blocking titers found in this study, the alignment also revealed that the GII.4 NoV strains used in this study have major changes in antigenic epitopes A (amino acids [aa] 294, 296 to 298, 368, and 372), D (aa 393 to 395), and E (aa 407, 412, and 413), as shown in Table 3 (6, 7, 18, (37) (38) (39) . Previous studies have reported epitope A to be highly immunodominant and suggested it was the target of blocking antibodies against early strains (7, 38) . Interestingly, MD145 1987, Grimsby 1995, and Houston 2002 share 4 common residues (H297, D298, T368, and N372), whereas the Sydney strain has different amino acids in all these positions (H297R, D298N, T368E, and N372D) ( Table 3 ). The substitution of only 2 amino acids in epitope A (P294T and A368E) has been suggested to be the cause of low BT 50 efficiency of the 2009 GII.4 convalescent outbreak sera to block Sydney 2012 GII.4 VLP binding to PGM (7) . Altogether, the data support the hypothesis that the Sydney strain might indeed have escaped immune recognition by blocking antibodies, which explains the low blocking titers observed in this study. Epitope D has been associated with the alteration of HBGA binding affinity (6, 37) , while in epitope E, all the strains except Sydney are identical and share the 3 residues (N407, T412, and G413) in this site (Table 3) , supporting the experimental results reported here that the Sydney strain is distinctly different from the other GII.4 strains.
Despite being a common primary immune deficiency in the Caucasian population (29), very little is known regarding how IgA-deficient individuals respond to NoV infection. For the first time, we show that IgA-deficient individuals not only have blocking titers against three pandemic NoV strains, but most interestingly, the blocking titers were significantly higher among IgA-deficient secretors (GMT, 1704) than among healthy blood donors (GMT, 90.9) (P Ͻ 0.0001). This new information complements a challenge study investigating the humoral response to NoV infection, which found a protective role of mucosal IgA in secretor-positive individuals after exposure to Norwalk virus (GI.1 NoV) (40) . Moreover, the protective role of IgA was also found to be associated with protection against a GI.1 NoV infection (41) . In another study, IgA purified from convalescent-phase sera of GI.1 NoV-challenged individuals was shown to block binding of NoV VLPs to PGM (42) . Further, a recent study showed that the IgA isotype in human B cells encoding norovirus-specific monoclonal antibodies could frequently block binding of VLPs to HBGA in comparison to antibodies having IgG specificity (43) .
Thus, both serum IgA and IgG can block binding of NoV to HBGA. The significantly higher blocking titer among the IgA-deficient individuals than among IgA-competent individuals is most likely due to compensatory mechanisms. It has previously been shown that IgA-deficient individuals develop significantly higher IgG antibody titers to rotavirus than IgA-competent individuals (44) . Since 32/34 secretor-positive IgAdeficient individuals had BT 50 values of Ն320 against Houston VLPs, it could be speculated that the protective titers among IgA-deficient individuals might be much higher than among healthy individuals. Further studies could be directed at identifying the protective blocking IgG titer among such immunodeficient individuals.
In conclusion, the present study shows that prepandemic sera contain blocking antibodies to pandemic GII.4 NoVs that emerged decades later and that blocking titers can remain unchanged for at least 6 years against GII.4 NoVs isolated over 3 decades. It is also worth noting that none of the nonsecretors had measurable blocking antibody against any of the GII.4 variants tested, which is consistent with their resistance to infection. Furthermore, we show that IgA-deficient individuals have high serum antibody-blocking titers against GII.4 NoV. Lack of robust HBGA-blocking capacity of sera against the Sydney strain isolated in 2012 may be a condition of its rapid global emergence.
MATERIALS AND METHODS
Serum samples and study design. In total, 268 serum samples collected between 1979 and 2010 were included in the study (Fig. 1) . These samples were part of different studies and were both paired and unpaired. Briefly, 95 serum samples from blood donors collected in 1998 were included in the study. The mean age of the donors was 39.5 Ϯ 10.3 years. These individuals had previously been screened for their secretor, Lewis, and ABO status. Eighty percent (76/95) of these individuals were secretor positive (26, 27) . In addition, 33 paired serum samples from individuals participating in a TBE vaccination study in Stockholm, Sweden, were also analyzed. Serum samples were collected at 3 time points; the first were collected from 1989 to 1992 (donors aged 56.1 Ϯ 12.9 years), the second 3 years later, and the third sample between 1995 and 1999 (45) . Thirty-four serum samples collected from children with type 1 diabetes (aged 9.7 Ϯ 3.2 years at the time of the 1st sample collection) were also included: 12 paired sera collected at 2 time points (the second serum samples 5 years later) and 10 unpaired old serum samples collected between 1979 and 1981 were included in the study. Additionally, sera from 40 IgA-deficient individuals (34 secretors and 6 nonsecretors) collected between 2009 and 2010 were included (30) . The average age of these individuals was 52.3 Ϯ 19.4 years. The samples used in the study were anonymous and were part of previously ethically approved studies (Ethical Committee Dnr 89:12 and Medical Faculty, Goteborg University, Goteborg, Sweden). NoV VLP production. Four different GII.4 recombinant VLPs, each representative of a different lineage and having a time-ordered emergence globally, were included in the study ( Table 3 . The VLPs used in the study were expressed in a baculovirus system. Grimsby, Houston, and Sydney VLP preparations were analyzed for purity by SDS-polyacrylamide gel electrophoresis and Coomassie staining (which must be Ͼ90% to be used). The structural integrity was documented by electron microscopy, and the VLP protein concentration was determined by bicinchoninic acid (BCA) assay (26, 46) , while MD145 was purified as described previously (47) .
NoV antibody titers in serum samples from IgA-deficient individuals. NoV-specific IgG antibody titers in serum samples were determined using enzyme-linked immunosorbent assay (ELISA) as previously described (26) . Briefly, 100 l/well of 0.5-g/ml Houston VLPs diluted in coating buffer (0.05 mol/liter sodium carbonate [pH 9.5 to 9.7]) was added to 96-microwell ELISA plates (Thermo Scientific; MaxiSorp) and incubated overnight at 4°C. The next morning, the plates were blocked with 3% bovine serum albumin (BSA) for 1 h at 37°C. Each step was followed by 5 washes with phosphate-buffered saline (pH 7.3) (PBS). Twofold serially diluted serum samples (100 l/well) were added in dilution buffer comprised of PBS, 0.5% BSA, and 0.05% Tween 20, and then the ELISA plate was incubated for 2 h at 37°C. Next, 100 l/well of 1:10,000-diluted goat anti-human IgG horseradish peroxidase (HRP)-conjugated antibody (Bio-Rad; 1721033) was added and incubated for 1 h at 37°C. The plates were developed using 100 l/well of Ultra 1-Step Ultra TMB ELISA HRP substrate solution (Thermo Fischer). After 10 min, the reaction was stopped by adding 100 l/well of 2 N sulfuric acid, and the absorbance of the wells was read at 450 nm. The mean absorbance value of negative controls (without serum) plus 2 standard deviations (SD) was used as the cutoff value.
Determination of serum blocking titers against binding of VLPs to pig gastric mucin. VLP-PGM serum blocking experiments were performed essentially as previously described (18) . Briefly, Thermo Scientific MaxiSorp 96-well plates were coated with pig gastric mucin (Sigma-Aldrich; 10 g/ml in PBS, pH 7.3) for 4 h at room temperature and subsequently blocked overnight at 4°C with PBS containing 5% dry milk and 0.05% Tween. Next, 2-fold serially diluted sera (starting dilution, 1:40) were mixed with an equal volume of VLPs (at concentrations of 0.06 g/ml for Grimsby and Houston, 0.08 g/ml for MD145, and 0.3 g/ml for Sydney VLPs) and incubated for 1 h at room temperature. Afterward, the VLP-serum mixture was added to the pig gastric mucin-coated plate for 1 h at room temperature, followed by 100 l/well of rabbit anti-GII.3 norovirus serum (1:1,000 dilution) and an additional incubation for 1 h. Following five washes, 100 l/well of goat anti-rabbit IgG horseradish peroxidase-conjugated antibody (Bio-Rad; 1706515) diluted 1:20,000 was added, followed by incubation for 1 h at room temperature. The plates were developed using 100 l/well of Ultra 1-Step Ultra TMB ELISA HRP substrate solution (Thermo Fisher). After 10 min, the reaction was stopped by adding 100 l/well of 2 N sulfuric acid, and the absorbance of the wells was read at 450 nm (optical density at 45 nm [OD 450 ]). Washing after each step was performed with PBS containing 0.05% Tween 20, and the dilution buffer was comprised of PBS containing 0.05% Tween 20 and 5% dry milk. The BT 50 , was defined as the serum dilution at which the OD 450 value was 50% of that of the positive control (VLPs only). A BT 50 value of 20 was assigned to samples that did not show a 50% drop in OD 450 in comparison to the positive control at the lowest serum dilution tested (1:40) . A BT 50 value of Ն160 was considered to be protective against acute norovirus gastroenteritis (20, 25) .
Statistical analysis. All statistical analyses were performed using GraphPad Prism 5.0a Macintosh version (GraphPad Software, Inc.). The Kruskal-Wallis and Dunn=s multiple-comparison tests were used to compare differences in serum blocking titers against the three different VLPs. The Mann-Whitney U test was used to compare BT 50 values between groups among sera collected prior to the emergence of the reference strains. All reported P values are 2 sided, and P values of Ͻ0.05 were considered significant.
